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I N T R O D U C T I O N  

C o a l  is c o m p o s e d  o f  o r g a n i c  m a c e r a l s ,  i n o r g a n i c  m i n e r a l  m a t t e r ,  
p o r e s  and p o r e - f i l l i n g  f l u i d s .  C o a l  n o r m a l l y  d i s p l a y s  t h e  p r o p e r t i e s  
of an  amorphous s o l i d ,  b u t  u n d e r  a p p r o p r i a t e  c o n d i t i o n s ,  c o a l  d i s p l a y s  
b o t h  p l a s t i c  a n d  e l a s t i c  b e h a v i o r ( 1 - 3 ) .  A m o d e l  t o  d e s c r i b e  t h e  
s t r u c t u r e  of t h e o r g a n i c  c o n s t i t u e n t s  o f  b i t u m i n o u s  c o a l  is  t h a t  of a 
b r a n c h e d / c r o s s l i n k e d  po lymer .  T h e r e  is no r e p e a t i n g  monomer u n i t ,  b u t  
a u n i t  s t r u c t u r e  w h i c h  is c o v a l e n t l y  bonded by b r i d g i n g  g roups .  The  
u n i t  s t r u c t u r e s  a r e  composed o f  c o n d e n s e d - r i n g  a r o m a t i c  g r o u p s  of f r o m  
2-4 r i n g s ,  w i t h  m o l e c u l a r  w e i g h t s  of a r o u n d  300.  The a r o m a t i c  r i n g s  
a r e  s u b s t i t u t e d  by n a p h t h e n i c  r i n g s ,  a l k y l  g r o u p s  and p h e n o l i c  g roups .  
The b r i d g i n g  g r o u p s  c o n t a i n  C - 0  and C-C bonds wh ich  a r e  b roken  d u r i n g  
d e p o l y m e r i z a t i o n  and  o t h e r  l i q u e f a c t i o n  p r o c e s s e s .  The u n i t  s t r u c t u r e s  
c l u s t e r  i n  g r o u p s  w h i c h  g i v e  r i s e  t o  X-ray d i f f r a c t i o n  p a t t e r n s  s i m i l a r  
t o  t h o s e  o b s e r v e d  fcr  g r a p h i t e .  The t h r e e - d i m e n s i o n a l  a r r a n g e m e n t  of 
t h e  s t r u c t u r a l  u n i t s  p r o d u c e s  a s i g n i f i c a n t  m i c r o p o r e  volume. I n  
a d d i t i o n  t o  t h e  c o v a l e n t  b r i d g e s ,  p o l a r  i n t e r a c t i o n s  a l s o  s e r v e  a s  
c r o s s  l i n k s .  

T h e  c o n d e n s e d - r i n g  a r o m a t i c  u n i t s  a r e  r i g i d ,  b u t  t h e  c o v a l e n t  
b r i d g e s  s h o u l d  p r o v i d e  some f l e x i b i l i t y .  However,  t h e  bond ing  w i t h i n  
c l u s t e r s  o f  u n i t  s t r u c t u r e s  a n d  t h e  p o l a r  i n t e r a c t i o n s  r e d u c e  t h e  
m o b i l i t y  o f  t h e  c o a l  u n i t s  a n d  u n d e r  n o r m a l  c o n d i t i o n s ,  c o a l  is a 
g l a s s .  A t  t e m p e r a t u r e s  i n  t h e  s o f t e n i n g  r a n g e ,  c o v a l e n t  bonds i n  t h e  
b r i d g i n g  g r o u p s  a r e  b r o k e n  a n d  t h e  p o l a r  i n t e r a c t i o n s  d i s r u p t e d ,  
p r o v i d i n g  f l u i d i t y  t o  t h e  c o a l  m a s s .  When c o n t a c t e d  a t  room 
t e m p e r a t u r e  w i t h  a s u i t a b l e  p o l a r  s o l v e n t ,  c o a l s  s w e l l  a n d  e x h i b i t  
p l a s t i c  a n d  e l a s t i c  p r o p e r t i e s ( 1 - 3 ) .  Under  t h e s e  c o n d i t i o n s ,  t h e  p o l a r  
b o n d s  a r e  b r o k e n  a n d  t h e  s o l v e n t  a c t s  a s  a p l a s t i c i z e r  f o r  t h e  
m a c r o m o l e c u l a r  n e t w o r k  of t h e  c o a l .  C o a l  p a s s e s  t h r o u g h  a s i m i l a r  
s t a t e  i n  b o t h  c a r b o n i z a t i o n  a n d  l i q u e f a c t i o n  p r o c e s s e s ,  w i t h  t h e  
s o l v e n t  b e i n g  e i t h e r  a d d e d  v e h i c l e  o i l  o r  d e c o m p o s i t i o n  p r o d u c t s  of t h e  
c o a l  i t s e l f .  S o l v e n t s  w i t h  H i l d e b r a n d  s o l u b i l i t y  p a r a m e t e r s  i n  t h e  
r a n g e  of 9-15 ( c a l / c r n 3 ) 1 I 2  a r e  e f f e c t i v e  i n  s w e l l i n g  c o a l s  and ,  i n  some 
c a s e s ,  i n d u c i n g  s p o n t a n e o u s  f r a c t u r i n g ( 4 ) .  T h e  i n t e r a c t i o n  o f  c o a l  
w i t h  o r g a n i c  s o l v e n t s  i s  of i n t e r e s t  b e c a u s e  o f  t h e  p o t e n t i a l  f o r  
r e a c t i n g  s w o l l e n  c o a l s  u n d e r  r e l a t i v e l y  m i l d  c o n d i t i o n s  and because  of 
t h e  p o t e n t i a l  f o r  c h e m i c a l  comminu t ion  and  c h e m i c a l  c l e a n i n g  of c o a l s .  
Changes i n  t h e  p h y s i c a l  p r o p e r t i e s  o f  c o a l s  i n  the  p r e s e n c e  of o r g a n i c  
s o l v e n t s  a r e  d i s c u s s e d  i n  t h i s  p a p e r .  

EXPERIMENTAL 

Four c o a l s  f r o m  t h e  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  C o a l  Sample Bank 
a n d  f i v e  b i t u m i n o u s  c o a l s  f r o m  Utah  were  s t u d i e d .  The c o a l s  i n c l u d e d  
o n e  a n t h r a c i t e  a n d  s a m p l e s  r i c h  i n  s p o r i n i t e ,  r e s i n i t e ,  v i t r i n i t e  and  
s e m i f u s i n i t e .  The  Utah  c o a l s  cover a r a n g e  of r e s p o n s e  i n  f l o t a t i o n  
e x p e r i m e n t s  f r o m  e a s i l y  and q u i c k l y  f l o a t e d  t o  d i f f i c u l t  t o  f l o a t .  

The method o f  G r e e n  e t  a 1 . ( 5 )  was u s e d  t o  m e a s u r e  t h e  s w e l l i n g  
P r o p e r t i e s  of t h e  c o a l s .  T h e  c o a l  s a m p l e  was c e n t r i f u g e d  i n  a narrow 
t u b e .  S o l v e n t  is a d d e d  a n d  t h e  c o a l  i s  a l l o w e d  t o  swe l l .  A f t e r  
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e q u i l i b r i u m  is a c h i e v e d ,  t h e  c o a l  and  s o l v e n t  a r e  a g a i n  c e n t r i f u g e d .  
The i n c r e a s e  i n  h e i g h t  o f  t h e  column o f  c o a l  i s  t a k e n  a s  t h e  v o l u m e t r i c  
s w e l l i n g  of t h e  c o a l .  T h i s  method i s  r e p o r t e d  t o  be more r e l i a b l e  t h a n  
g r a v i m e t r i c  methods and  d o e s  no t  r e q u i r e  c o r r e c t i o n s  f o r  p o r e s .  

S u r f a c e  a r e a s  o f  c o a l s  and s o l v e n t - t r e a t e d  and  h e a t - t r e a t e d  c o a l s  
were  measured by c a r b o n  d i o x i d e  a d s o r p t i o n  a t  - 7 7 O C .  The s a m p l e s  were 
p l a c e d  i n  a vacuum s y s t e m  and any s o l v e n t  was removed. The amount o f  
C02 a d s o r b e d  was  d e t e r m i n e d  a s  a f u n c t i o n  o f  t h e  p r e s s u r e  and t h e  
D u b i n i n - P o l a n y i  e q u a t i o n  was u s e d  t o  d e t e r m i n e  t h e  s u r f a c e  a r e a / p o r e  
v o l u m e 6 .  X - r a y  d i f f r a c t i o n  m e a s u r e m e n t s  were p e r f o r m e d  a t  room 
t e m p e r a t u r e  a f t e r  s o l v e n t s  w e r e  removed a t  l o w e r  t e m p e r a t u r e s .  T h e  
a s s i g n m e n t  o f  t h e  002 peak i n  t h e  d i f f r a c t i o n  p a t t e r n  was by compar i son  
w i t h  t h e  d i f f r a c t i o n  p a t t e r n  of g r a p h i t e .  

M a c e r a l  f r a c t i o n s  were  p r e p a r e d  by t h e  d e n s i t y  g r a d i e n t  c e n t r i f u -  
g a t i o n  method o f  Dyrkacz and  H o r w i t z ( 7 ) .  The  c o a l  was g r o u n d  i n  a 
f l u i d  e n e r g y  m i l l  t o  an  a v e r a g e  p a r t i c l e  d i a m e t e r  of s e v e r a l  mic rons .  
The s a m p l e  was t h e n  i n t r o d u c e d  i n t o  a d e n s i t y  g r a d i e n t  o f  C s C l  i n  w a t e r  
i n  a c e n t r i f u g e  and  d i s p e r s e d  t h r o u g h o u t  t h e  g r a d i e n t .  The  g r a d i e n t  is 
d i s p l a c e d  f r o m  t h e  c e n t r i f u g e  a n d  f r a c t i o n s  o f  d i f f e r e n t  d e n s i t y  
c o l l e c t e d .  The s a m p l e  is r e c o v e r e d  a n d  a p l o t  o f  y i e l d  v e r s u s  d e n s i t y  
p r o v i d e s  a d e n s i t y  d i s t r i b u t i o n  f o r  t h e  s a m p l e .  F r a c t i o n s  of s i m i l a r  
d e n s i t y  were  combined f o r  f u r t h e r  measu remen t s .  

RESULTS A N D  DISCUSSION 

T h e  s w e l l i n g  r a t i o  f o r  c o a l  PSOC-297 i s  shown i n  f i g u r e  1 a s  a 
f u n c t i o n  of t h e  s o l u b i l i t y  p a r a m e t e r  o f  t h e  s o l v e n t  u s e d  t o  c a u s e  
s w e l l i n g .  T h i s  c o a l  i s  63% v i t r i n i t ' e  and  16% s p o r i n i t e .  The  s w e l l i n g  
b e h a v i o r  i s  s i m i l a r  t o  t h a t  o b s e r v e d  f o r  t h e  o t h e r  b i t u m i n o u s  c o a l s ,  
a l t h o u g h  t h e  m a g n i t u d e  o f  t h e  s w e l l i n g  v a r i e s  f rom s a m p l e  t o  sample .  
T h e  s w e l l i n g  i s  e x p e c t e d  t o  b e  a maximum f o r  s o l v e n t s  t h a t  h a v e  
s o l u b i l i t y  p a r a m e t e r s  s i m i l a r  t o  t h a t  o f  t h e  c o a l .  The c u r v e  shows two 
maxima. P y r i d i n e  c a u s e s ' t h e  most s w e l l i n g  o f  t h e  s o l v e n t s  t e s t e d .  The 
e f f e c t i v e n e s s  o f  p y r i d i n e  i n  s w e l l i n g  t h e  c o a l s  is t h o u g h t  t o  be due  t o  
t h e  d i s r u p t i o n  o f  p o l a r  bonds between s e g m e n t s  o f  t h e  c o a l  m o l e c u l e ,  
r e p l a c i n g  t h e m  w i t h  H-bonds be tween  t h e  p y r i d i n e  and t h e  c o a l .  The  
s e c o n d  maximum i n  t h e  s w e l l i n g  c u r v e  i s  o b s e r v e d  f o r  THF a s  t h e  
s o l v e n t .  The s o l u b i l i t y  p a r a m e t e r  f o r  c o a l s  is e x p e c t e d  t o  be c l o s e r  
t o  t h a t  f o r  THF t h a n  f o r  p y r i d i n e .  The l e s s  p o l a r  s o l v e n t s  may be 
c a u s i n g  t h e  c o a l  t o  s w e l l  w i t h i n  t h e  c o n s t r a i n t s  o f  t h e  hydrogen  bond 
c r o s s  li n k s ,  w i t h o u t  a p p r e c i a b l y  b r e a k i n g  t h e  cross li nks.  

The s w e l l i n g  is  g r e a t e s t  f o r  c o a l s  w i t h  h i g h e r  v i t r i n i t e  c o n t e n t  
among c o a l s  o f  s i m i l a r  r a n k .  T h e  c o a l s  w i t h  h i g h  i n e r t i n i t e  a n d  
e x i n i t e  c o n t e n t s  show r e d u c e d  s w e l l i n g ,  a l t h o u g h  t h e  b e h a v i o r  w i t h  
r e g a r d  t o  s o l u b i l i t y  p a r a m e t e r  i s  q u a l i t a t i v e l y  t h e  s a m e .  T h e  
i n e r t i n i t e  f r a c t i o n  i s  n o t  e x p e c t e d  t o  swe l l  a p p r e c i a b l y .  T h e  
a n t h r a c i t e  s ample  d i d  n o t  show any s w e l l i n g  i n  any  o f  t h e  s o l v e n t s .  
The  b e h a v i o r  of t h e  a n t h r a c i t e  and t h e  i n e r t i n i t e  f r a c t i o n s  i s  e x p e c t e d  
t o  b e  s i m i l a r .  A s e p a r a t e d  s a m p l e  o f  r e s i n i t e  showed h i g h  s o l u b i l i t y  
i n  t h e  more p o l a r  s o l v e n t s .  I t  is n o t  c e r t a i n  w h e t h e r  a t r u e  s o l u t i o n  
was f o r m e d  o r  i f  i t  was  a g e l  o r  c o l l o i d a l  s u s p e n s i o n .  S w e l l i n g  
measu remen t s  c o u l d  n o t  be made on t h e  r e s i n i t e .  

S w e l l i n g  f o r  t h e  l e s s - p o l a r  s o l v e n t s  d o e s  n o t  a p p e a r  t o  b e  t h e  
e q u i l i b r i u m  S w e l l i n g  S i n c e  t h e  s t r u c t u r e  i S  c o n s t r a i n e d  by t h e  
c r o s s l i n k s  and t h e  less  p o l a r  s o l v e n t s  a r e  n o t  s t r o n  enough t o  b r e a k  
t h e s e  c r o s s l i n k s .  S a m p l e s  w e r e  s w o l l e n  w i t h  m i x t u r e s  of THF a n d  
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c y c l o h e x a n e .  S w e l l i n g  f o r  t h e  m i x t u r e s  was i n t e r m e d i a t e  between t h e  
v a l u e s  o b s e r v e d  f o r  t h e  p u r e  s o l v e n t s .  When t h e  s a m p l e  was  s w o l l e n  
w i t h  THF and d i l u t e d  w i t h  c y c l o h e x a n e ,  t h e  s w e l l i n g  r ema ined  n e a r  t h a t  
o f  p u r e  THF f o r  d i l u t i o n s  u p  t o  7 5 %  c y c l o h e x a n e .  O n c e  t h e  
m a c r o m o l e c u l a r  n e t w o r k  i s  e x p a n d e d  by t h e  good s o l v e n t ,  t h e  p o o r e r  
s o l v e n t  w i l l  m a i n t a i n  t h e  s w e l l i n g .  S w e l l i n g  w o u l d  be e x p e c t e d  t o  
i n c r e a s e  t h e  p o r e s  i n  t h e  c o a l  s t r u c t u r e .  S u r f a c e  a r e a s  f o r  c o a l s  and 
s w o l l e n  c o a l s  a r e  shown i n  f i g u r e  2 .  The s u r f a c e  a r e a  is r e l a t e d  t o  
t h e  p o r e  v o l u m e .  The  s u r f a c e  a r e a  f o r  non-swol len  c o a l s  is 230-250 
m2/g .  as  m e a s u r e d  a t  -77OC, f o r  s a m p l e s  t h a t  a r e  h e a t - t r e a t e d  up t o  
400OC. I f  t h e  h e a t - t r e a t e d  s a m p l e s  a r e  s w o l l e n  i n  me thano l  and t h e  
s o l v e n t  removed a t  low t e m p e r a t u r e s ,  t h e  s u r f a c e  a r e a s  i n c r e a s e  t o  300- 
3 5 0  m2/g. T h e  p o l a r  s o l v e n t  is more e f f e c t i v e  t h a n  t e m p e r a t u r e  i n  
c a u s i n g  t h e  ne twork  t o  swell. I f  t h e  s a m p l e  i s  s w o l l e n  and t h e n  h e a t e d  
t o  10OoC t h e  m a c r o m o l e c u l a r  ne twork  r e l a x e s  and t h e  s u r f a c e  a r e a  i s  
s i m i l a r  t o  t h a t  f o r  n o n - s w o l l e n  c o a l s .  The  c o a l s  w i t h  e n h a n c e d  
p o r o s i t y  show t h e  same x- ray  d i f f r a c t i o n  p a t t e r n s  a s  non-swol len  c o a l s .  
The  s o l v e n t  a p p a r e n t l y  does  n o t  d i s r u p t  t h e  s t a c k i n g  of  t h e  condensed-  
r i n g  a r o m a t i c  s t ruc tu res  i n  t h e  c o a l .  

CONCLUSIONS 

The  s w e l i i n g  of b i t u m i n o u s  c o a l s  a s  a f u n c t i o n  o f  s o l u b i l i t y  
p a r a m e t e r  of t h e  s o l v e n t  shows two maxima. O n e  is a t t r i b u t e d  t o  t h e  
s o l v a t i o n  o f  t h e  macromolecu la r  ne twork  by a s o l v e n t  w i t h  s o l u b i l i t y  
p a r a m e t e r  s i m i l a r  t o  t h e  c o a l ,  i n c r e a s i n g  t h e  hydrodynamic  volume o f  
t h e  n e t w o r k .  T h e  o t h e r  maxima i s  a t t r i b u t e d  t o  t h e  b r e a k i n g  o f  
hydrogen  bonds  t h a t  serve a s  c r o s s l i n k s  by p o l a r  s o l v e n t s .  The c o a l  
a p p e a r s  t o  b e  h e l d  i n  a c o n s t r a i n e d  s t a t e  by t h e  p o l a r  c r o s s l i n k s .  
S o l v e n t s  a r e  m o r e  e f f e c t i v e  i n  b r e a k i n g  t h e s e  r e s t r a i n s  t h a n  
t e m p e r a t u r e .  P o r o s i t y  can  be i n c r e a s e d  by s w e l l i n g  c o a l s  and removing  
t h e  s o l v e n t  a t  low t e m p e r a t u r e s .  The c o a l  n e t w o r k  h a s  c o n s i d e r a b l e  
f l e x i b i l i t y  below 100°C, a s  ev idenced  by t h e  r e l a x a t i o n  of  t h e  i nduced  
p o r o s i t y  upon t h e r m a l  t r e a t m e n t .  I n e r t i n i t e  m a c e r a l s  and a n t h r a c i t e s  
show l i t t l e  s w e l l i n g .  V i t r in i t e s  show h i g h  s w e l l i n g  and  e x i n i t e s  show 
enhanced  s o l u b i l i t y .  
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